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A B S T R A C T
Electrospinning is a simple and eﬃcient process for producing sub-micron ﬁbres. However, the process has
many variables, and their eﬀects on the non-woven mesh of ﬁbres is complex. In particular, the eﬀects on the
mechanical properties of the ﬁbre meshes are poorly understood. This paper conducts a parametric study, where
the concentration and bloom strength of the gelatin solutions are varied, while all electrospinning process
parameters are held constant. The eﬀects on the ﬁbrous meshes are monitored using scanning electron
microscopy and mechanical testing under uniaxial tension. Mesh mechanical properties are relatively
consistent, despite changes to the solutions, demonstrating the robustness of electrospinning. The gel strength
of the solution is shown to have a statistically signiﬁcant eﬀect on the morphology, stiﬀness and strength of the
meshes, while the ﬁbre diameter has surprisingly little inﬂuence on the stiﬀness of the meshes. This
experimental ﬁnding is supported by ﬁnite element analysis, demonstrating that the stiﬀness of the meshes
is controlled by the volume fraction, rather than ﬁbre diameter. Our results demonstrate the importance of
understanding how electrospinning parameters inﬂuence the pore size of the meshes, as controlling ﬁbre
diameter alone is insuﬃcient for consistent mechanical properties.
1. Introduction
Electrospinning is a cost-eﬀective and convenient method for
manufacturing sub-micron ﬁbres (Garg and Bowlin, 2011). The process
requires a viscous polymer solution to be ejected through a narrow
oriﬁce connected to a high voltage supply. The resulting polymer jet
undergoes bending instabilities as it is attracted to an earthed collector,
causing the jet to stretch and evaporating the solvent suﬃciently to
form a mesh of nano- or micro-scale ﬁbres on the surface of the
collector (Fang et al., 2011). The versatility of electrospinning has
caused a rapid increase in its popularity and it is currently being
investigated for use in many biomedical and environmental applica-
tions, as well as in energy collection and storage (Fang et al., 2011).
Electrospinning has become increasingly favoured in tissue engineer-
ing, in particular for soft tissues (Sill and von Recum, 2008). This is due
to electrospun nanoﬁbres having a structure very similar to the
nanoﬁbrous collagen found in the extracellular matrix (ECM) of many
tissues (Mow and Huiskes, 2005). These collagen structures are often
responsible for the mechanical properties of the tissues. Mimicking
these mechanical properties is key to creating a functional artiﬁcial
tissue, although it is often overlooked in favour of creating the right
biological environment.
Although the electrospinning process is highly versatile, it is not
well understood how the process can be manipulated to aﬀect the
mechanical properties of electrospun ﬁbres. This is partly due to the
wide range of variables within the process, such as the applied voltage,
solution ﬂow rate, and the distance between the polymer source and
collector (Ko and Wan, 2014). The eﬀect of some of these process
variables on the morphology of the electrospun ﬁbres has been studied
through experiments (Pillay et al., 2013; Deitzel et al., 2001; Samatham
and Kim, 2006; Pelipenko et al., 2013; Nezarati et al., 2013; Harrison
et al., 2012) and computer models (Thompson et al., 2007). However,
understanding of their eﬀects is limited. The solution properties, such
as polymer concentration, solution viscosity and electrical conductivity
can also aﬀect the electrospun ﬁbres, including their mechanical
properties. Changing the polymer concentration, polymer proportions
within a composite solution, or adding ions have all been shown to have
a signiﬁcant impact on mechanical properties (Nugeet al., 2013; Ji
et al., 2014; Yin et al., 2013; Machado et al., 2013; Kimura et al., 2014).
Gelatin is commonly electrospun as it is chemically similar to
collagen yet much less expensive, more readily available and presents a
reduced immunological risk (Elzoghby, 2013). It is also electrospin-
nable in non-toxic solvents, such as acetic acid (Mindru et al., 2007;
Song et al., 2008; Gu et al., 2009; Linh et al., 2010; Tonsomboon and
Oyen, 2013; Koh et al., 2013), although little attention has been paid to
the variability of molecular weight within gelatin. The polymer is
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formed from the hydrolytic conversion of collagen, producing a
distribution of molecular weights from below 10,000 g mol−1 and to
over 400,000 g mol−1 (Schrieber and Gareis, 2007). Therefore gelatin
products are not diﬀerentiated by their molecular weight as many
natural polymers are, but by their bloom strength. This “strength” or
resistance to deformation is dependent upon the structure and
molecular mass of the gelatin, and commonly ranges from 50 to
300 g, measured by an arbitrary procedure deﬁned in the food industry
(Schrieber and Gareis, 2007).
As bloom strength and solution concentration are both considered
to have an eﬀect on the strength of gelatin, the two parameters are
combined into a single property known as gel strength. Two gelatins
with equal gel strength are considered interchangeable within the food
industry, deﬁned as in Eq. (1), where GS is gel strength, C is
concentration and B is bloom strength (Schrieber and Gareis, 2007).
Gel strength has been shown to have a linear correlation with gelatin's
compressive modulus (Chua and Oyen, 2009), but its eﬀect on
electrospinning is unknown.
GS C B= 2 (1)
This work reports a methodical study undertaken to examine the
relationship between the solution properties, the morphology of the
meshes produced and their mechanical properties. The concentration
and bloom strength of the gelatin solutions are varied, and the
conductivity and viscosity of the solutions measured before electro-
spinning. The morphology and mechanical properties of the meshes are
assessed using scanning electron microscopy and uniaxial tensile
testing, respectively. Clear relationships are found between solution
properties and ﬁbre diameter, while the mechanical properties of the
resulting meshes appear to be independent of the ﬁbre diameter.
2. Materials and methods
2.1. Gelatin preparation
2.1.1. Gelatin solutions
Gelatin solutions were prepared using a solvent system of 90%
aqueous acetic acid (Sigma Aldrich, UK). Four diﬀerent bloom
strengths of porcine gelatin were used: 100 g, 180 g, 250 g, and 300 g
(Sigma Aldrich, UK). In order to diﬀerentiate between the eﬀect of
concentration and that of bloom strength, each strength of gelatin was
made into a 10 wt% and a 12 wt% solution; eight diﬀerent solutions
were electrospun in total. The solutions were then stirred using a
magnetic stirrer for 2–3 h at room temperature. All electrospinning
was carried out within 7 days of the solution being prepared.
Prior to electrospinning the dynamic viscosity, μ, and conductivity,
G, of the solutions were measured. An ExStik conductivity meter
(Extech Instruments, USA) was used to record the conductivity.
Viscosity measurements were made using a size 200 Cannon-Fenske
viscometer tube (Sigma Aldrich, USA). Measurements for each solution
were repeated and averaged.
2.1.2. Production of electrospun meshes
The electrospinning apparatus consisted of an infusion pump (KR
Analytical Ltd., UK), a high voltage power supply (Glassman high
voltage INC., UK) and a grounded, stationary collector comprised of a
7 cm-diameter copper plate wrapped with aluminium foil, suspended
horizontally opposite the syringe pump. The solutions were loaded into
a plastic syringe (BD Plastipak, Spain) with an 18 gauge stainless-steel
blunt-ended hypodermic needle (BD plastic, UK), connected to the
voltage supply. The processing parameters were kept constant; the feed
rate was 0.005 ml/min, the voltage was 18 kV, and the working
distance was 10 cm. Each time a solution was electrospun, the
conductivity and viscosity were measured. Each solution was electro-
spun for a period of four hours. Solution preparation and electrospin-
ning were performed in duplicate, so that four electrospun meshes
were produced for each of the 8 solutions, giving 32 samples in total.
After electrospinning, the aluminium foil was removed carefully from
the mesh, and the mesh was stored at room temperature until
characterisation.
2.2. Characterisation
2.2.1. Solution degradation
Gelatin has been shown to degrade over time in acidic solutions (Ki
et al., 2005). To observe the eﬀect of the acetic acid solvent on gelatin,
the viscosity and conductivity of four gelatin solutions were measured
over the period of a week. Solutions of 100 g and 250 g bloom strength
gelatins were prepared at 10 and 12 wt%. The solutions were stirred
using a magnetic stirrer for at least 3 hours at room temperature.
Measurements were taken for the viscosity and conductivity at 4, 8, 12,
24, 48, 96 and 168 h, as described in Section 2.1.1.
2.2.2. Morphology
The morphology of the electrospun meshes was characterised using
scanning electron microscopy (EVO LS 15, Carl Zeiss, UK) at an
accelerating voltage of 10 kV. Small sections of the electrospun meshes,
approximately 5 mm diameter, were taken from each sample and
coated with a thin layer of gold to produce a conductive surface. The
sections were taken from the area adjacent to that used for mechanical
characterisation. The ﬁbre diameters, ϕ, of the gelatin meshes were
analysed from the SEM images using ImageJ (NIH, USA)
(Tonsomboon and Oyen, 2013). For each mesh, a minimum of 20
measurements were taken to give the average ﬁbre diameter for that
sample. The directionality function within ImageJ was used to deter-
mine ﬁbre orientation, to assess if the ﬁbres in the mesh showed any
alignment.
2.2.3. Mechanical characterisation
Mechanical properties of all samples were measured using uniaxial
tensile testing. Specimens were prepared by cutting the samples into
rectangular strips of 30×5 mm, taken from the centre of the sample to
avoid any possible edge anomalies from the electrospinning process. To
assist gripping of the thin specimens and to minimise clamping eﬀects,
5 mm on each end of every sample were wrapped in laboratory tape,
giving all specimens a dimension of 20×5 mm. The specimen thickness
was measured using digital calipers. The uniaxial tensile tests were
performed with an Instron testing machine (model 5544, Canton, USA)
with a 500 N load cell. The specimens were stretched at a rate of
0.05 mm/s until failure. A minimum of ﬁve tests were conducted for
each sample, and used to calculate the tensile strength, σTS, tensile
elastic modulus, E, and failure strain, e.
2.2.4. Statistical analysis
All statistical analyses were performed using Origin (Origin 8,
OriginLab, Northampton, MA). Brieﬂy, all data in each plot were
concatenated and a linear regression was used to assess the statistical
signiﬁcance. The signiﬁcance value was set at p < 0.05.
3. Results
3.1. Solution properties
Viscosity and conductivity are known to have a signiﬁcant eﬀect on
the electrospinning process (Ramakrishna et al., 2005). The viscosity
and conductivity of four solutions were recorded over seven days to
view the extent of gelatin degradation in the acidic conditions. Fig. 1
shows the viscosity of all solutions decreases over time, although the
eﬀect is greater for larger gel strengths. All solutions show an increase
in conductivity over a week, the extent of which is independent of gel
strength. The majority of the increase is seen in the ﬁrst 24–48 h,
followed by a slower rate of increase.
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The dynamic viscosity of the gelatin solutions increased signiﬁ-
cantly p( < 0.01) with the gel strength (see Fig. 2). However, con-
ductivity appears to be largely unaﬀected by the gel strength of the
solutions (p=0.88), although there is a notable diﬀerence due to
concentration. As the eﬀect of gel strength on conductivity is insignif-
icant, the eﬀect of conductivity on the electrospinning process will not
be considered further in this paper.
3.2. Morphology of electrospun ﬁbres
All solutions could be electrospun to produce meshes containing
uniform and continuous gelatin ﬁbres. Four hours of electrospinning
provided meshes thick enough to perform mechanical testing. Fig. 3
shows representative SEM images for each of the electrospun solutions,
together with the directionality of the ﬁbres for each mesh. An increase
in concentration or in bloom strength typically leads to an increase in
ﬁbre diameter. The variability in the ﬁbre diameter also increases with
gel strength. The direction of the ﬁbres within the meshes shows that
the ﬁbres are randomly oriented, and therefore the orientation of the
meshes does not need to be considered during mechanical testing.
Fig. 4 shows the diameter of the ﬁbres increased signiﬁcantly with
both gel strength and viscosity p( < 0.01), unsurprising as the two are
related (Fig. 2a). Both also show an increase in the standard deviations
for greater gel strength solutions.
3.3. Mechanical properties of electrospun meshes
Tensile testing of the meshes produces an s-shaped stress strain
curve, as shown in Fig. 5. Initially the curve is similar to the J-shaped
curves seen for many biological materials. The initial increase in
stiﬀness indicates the percentage of loaded ﬁbres is increasing,
followed by a linear region, used to approximate an elastic modulus
for each sample. Finally a decrease in stiﬀness is seen as fracture
spreads across the sample before failure. The tensile strength was taken
at the point of greatest stress, and the strain at this point was also
recorded.
Fig. 6 shows that Young's modulus and tensile strength increase as
gel strength decreases (p=0.02 and p=0.01 respectively), while the
failure strain decreases with decreasing gel strength p( < 0.01). While
all three properties show a statistically signiﬁcant relationship with gel
strength, there is great variability in the data.
The mechanical properties of the meshes were also plotted against
the viscosity of the solutions, shown in Fig. 7, expecting to see similar
results as against gel strength. Interestingly, there is no statistically
signiﬁcant dependence of modulus (p=0.61) or strength (p=0.33) on
viscosity. However, the failure strain depends signiﬁcantly on viscosity
(p=0.02).
The macro-scale mechanical properties of the meshes are expected
to be dependent on their micro-structures. Therefore, the ﬁbre
diameter is expected to have a signiﬁcant eﬀect on the mesh mechan-
ical properties. However, while Fig. 4 shows that ﬁbre diameter is
signiﬁcantly aﬀected by solution viscosity, the modulus and strength of
the meshes are not, indicating ﬁbre diameter may not aﬀect the
mechanical properties as thought. Fig. 8 shows the relationship
between the ﬁbre morphology and the mechanical properties of the
mesh. Interestingly, there is a statistically signiﬁcant relationship for
strength (p=0.03) and failure strain p( < 0.01) with ﬁbre diameter, but
Fig. 1. Degradation of four diﬀerent gel strength solutions, measured by (a) dynamic
viscosity, μ, and (b) conductivity, G, measured over seven days.
Fig. 2. Eﬀect of gel strength, GS (Eq. (1)) on solution properties, (a) dynamic viscosity,
μ, and (b) conductivity, G. Open symbols represent solutions made with 10 wt% gelatin,
solid symbols show those made from 12 wt% gelatin.
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no clear correlation between the modulus and ﬁbre diameter (p=0.09).
4. Discussion
Gelatin was electrospun under consistent conditions with eight
diﬀerent gel strength solutions. The morphology and mechanical
properties of the resulting ﬁbrous meshes were analysed to determine
interactions between solution properties, mesh morphology and mesh
mechanical properties. Electrospinning with identical parameters
produced uniform non-beaded ﬁbres for all eight solutions, so that
the eﬀect of gel strength could be studied in isolation. Gel strength was
shown to aﬀect the solution viscosity, the ﬁbre diameter, and the
modulus, strength and failure strain of the meshes. However, solution
viscosity showed no relationship with mesh modulus or strength, and
ﬁbre diameter had no statistically signiﬁcant eﬀect on modulus either.
The eﬀects of solution conductivity on the mechanical properties
and morphology of electrospun meshes were not considered in this
study. Others have shown increasing solution conductivity causes a
decrease in the diameter of electrospun ﬁbres, due to dramatic bending
instabilities in the jet (Bhardwaj and Kundu, 2010). Gelatin is a
Fig. 3. Representative SEM images and directionality graphs for each of the eight diﬀerent electrospun solutions. Directionality is plotted against relative frequency. Concentration, C,
increases from 10 wt% to 12 wt% left to right, the bloom strength, B, increases from 100 g to 300 g from top to bottom. All scale bars are 1 μm. Fibre diameter, ϕ, is shown as average ±
standard deviation (n=20).
Fig. 4. Fibre diameter, ϕ, against (a) gelatin gel strength, GS (Eq. (1)) and (b) dynamic viscosity, μ.
A.L. Butcher et al. Journal of the mechanical behavior of biomedical materials 69 (2017) 412–419
415
polyelectrolyte, and so increasing the gel strength of a solution should
increase the charge density, and therefore the conductivity of the
solution. However, this paper showed the eﬀect of gel strength on
solution conductivity was insigniﬁcant, see Fig. 2, and so the eﬀect of
conductivity on mesh morphology and mechanical properties was
considered to be beyond the scope of this study.
There was great variability in all the taken measurements, within
samples and between samples of the same gel strength. This is most
likely due to the large number of variables that aﬀect the electrospin-
ning process, particularly due to the diﬃculty in controlling environ-
mental variables such as temperature and humidity. Variations in the
age of solutions when electrospinning could also account for these
diﬀerences, suggesting that the age of solution is an additional variable
that should be taken into account when electrospinning. Variability
within a sample could be explained by the heterogeneous structure of
the meshes. Small changes in ﬁbre density across a sample, and the
nature of randomly oriented ﬁbres, could account for the large
standard deviations.
Electrospun ﬁbre diameter is shown to be dependent on gelatin gel
strength and solution viscosity, in accordance with other studies
Tensile strength, σTS Failure
Slope = 
Young’s 
modulus, E
Failure
strain, e
S
tre
ss
, σ
 (M
Pa
)
Strain, ε
Fig. 5. An example of the stress strain data recorded from tensile testing the meshes.
The Young's modulus, E, is measured across the linear portion of the curve, the strength ,
σTS , is taken at the peak stress, and the failure strain, e, is recorded at point of failure.
Fig. 6. Eﬀect of gel strength, GS (Eq. (1)) on mechanical properties (a) Young's modulus,
E, (b) tensile strength, σTS , and (c) failure strain, e.
Fig. 7. Eﬀect of solution viscosity, μ, on mechanical properties (a) Young's modulus, E,
(b) tensile strength, σTS , and (c) failure strain, e.
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(Nezarati et al., 2013; Harrison et al., 2012; Erencia et al., 2014). The
standard deviation of the ﬁbre diameter increases with gel strength,
suggesting it would be beneﬁcial to use gelatin solutions of smaller gel
strength to create more reproducible samples. As collagen ﬁbrils in soft
tissue ECM are closer in size to the smaller diameter ﬁbres seen here,
this is convenient for tissue engineering applications.
The tensile modulus, strength and failure strain all show a
statistically signiﬁcant dependence on the solution gel strength. The
modulus and strength decrease at higher gel strengths while failure
strain increases. Electrospun gelatin mats will therefore have to
compromise between strength and ductility. Despite the strong depen-
dence of viscosity on gel strength, there is no such correlation between
the material properties and the viscosity of the solution. There is also
no statistically signiﬁcant relationship between the tensile modulus and
the ﬁbre diameter of the meshes, and the relationship between tensile
strength and ﬁbre diameter is weak. This statistically signiﬁcant
dependence of mechanical properties on gel strength but not on ﬁbre
diameter suggests the changing gel strength is aﬀecting another aspect
of the mesh morphology.
These results are in contrast to other studies that have demon-
strated a relationship between ﬁbre diameter and strength, often
showing tensile mechanical properties to improve as ﬁbre diameter
decreases (Linh et al., 2010; Wong et al., 2008; Huang et al., 2004).
However, McManus et al.showed contradictory results, with values for
tensile modulus and peak stress increasing as ﬁbre diameter increased
(McManus et al., 2006). The ﬁndings of this study suggest that there
are other aspects of the electrospun mesh morphology that have greater
signiﬁcance to the mechanical properties than ﬁbre diameter, such as
pore size or the interaction between ﬁbres. Further analysis of the mesh
morphology is restricted due to the limited resolutions of many 3D
imaging techniques, for example micro-computed tomography (micro-
CT) has a resolution ranging from 1 to 50 micrometers (Ho and
Hutmacher, 2006). These electrospun ﬁbres have diameters ranging
from 50 to 350 nm, and the pore sizes can be estimated to vary from
0.5 to 5 μm, so these imaging techniques will not provide a suﬃcient
Fig. 8. Fibre diameter eﬀect on mechanical properties (a) Young's modulus, E, (b)
tensile strength, σTS , (c) failure strain, e.
Fig. 9. Stress strain response from ﬁnite element analysis models under uniaxial
tension. Diﬀerent ﬁbre sizes for (a) models of constant density and (b) of constant
volume.
Table 1
Model specification. Volume, V π d ρA= ( /2)2 , where A is the area of the simulation, 200 ×
50 μm.
Diameter, d (nm) Fibre Density, ρ
(mm−1)
Volume, V (mm3)
Constant Density 50 7768 1.52E-07
150 7768 1.37E-06
250 7768 3.81E-06
350 7768 7.47E-06
Constant Volume 50 7768 1.52E-07
150 820.76 1.45E-07
250 307.23 1.51E-07
350 157.29 1.51E-07
A.L. Butcher et al. Journal of the mechanical behavior of biomedical materials 69 (2017) 412–419
417
level of detail to indicate which aspect of the mesh morphology is
having the greatest impact upon the mechanical properties.
Computational modeling has been used to interpret these experi-
mental results. A 2D model of randomly oriented sub-micron ﬁbres
was created using ﬁnite element (FE) analysis as described elsewhere
(Koh et al., 2015). The model was put under uniaxial tension by ﬁxing
the nodes at one end and assigning a displacement to nodes at the
other. All other nodes, including edges, were free to move horizontally
and vertically, and the stress strain response was recorded. The ﬁbre
diameters were varied between the minimum and maximum diameters
of gelatin ﬁbres produced in this study. The mass of gelatin in each of
the meshes produced here was approximately equal as all the electro-
spun meshes were produced using the same ﬂow rate for a ﬁxed length
of time. The area of the meshes remained equal, and the thicknesses
were similar, suggesting the volume fraction of gelatin ﬁbres within the
meshes remained approximately equal in all samples, despite variances
in ﬁbre diameter. The volume fraction can be kept constant in
simulations by varying the number of ﬁbres, or number density, see
inset Fig. 9b. For comparison, models with constant ﬁbre density and
varying volume fraction were also analysed (inset Fig. 9a), in which
there is greater space between each ﬁbre. The models are described in
Table 1.
Fig. 9 shows the stress strain data for the models of constant
density and constant volume; the 50 nm data points in both plots are
from the same model. Models with a constant density of ﬁbres show an
increase in stiﬀness as ﬁbre diameter increases, as expected from
simple “rule of mixture” models. The stiﬀness for the constant volume
models, however, shows no systematic dependence on ﬁbre diameter,
supporting the experimental ﬁndings of this study. Nevertheless, the
variation in modulus indicates that other properties of the meshes are
important. This will be investigated in future studies.
It is likely the change in stiﬀness seen in the constant density models
is caused by decreasing pore size rather than increasing ﬁbre diameter.
This demonstrates that controlling the ﬁbre diameter of electrospun
meshes is not suﬃcient to produce materials with consistent mechanical
properties. Other aspects of the mesh morphology must be measured to
ensure consistency between samples, such as the pore size.
While ﬁbre diameter has shown to not be predictive of mesh
mechanical properties, this study has also shown that changing the
solution concentration or molecular weight in the electrospinning
process has little eﬀect on the mechanics of the mesh. This is indicative
that electrospinning can produce meshes with similar mechanical
properties despite large variations in solution properties.
Electrospinning is a highly adaptable manufacturing method due to
the large number of process variables, however, this study has also
shown the method to be robust, producing similar materials despite
changes in solution parameters. This consistency of the mechanical
properties is necessary if electrospinning is to become a commercial
tool for tissue engineering applications.
5. Conclusions
Electrospun gelatin ﬁbres have been produced with diameters
approaching those of the collagen found within cartilage and other
soft tissues. Mechanical properties were found to vary unexpectedly
between meshes made from the same solutions, and between meshes
with similar ﬁbre diameters. The stiﬀness was shown to be largely
unaﬀected by ﬁbre diameter, a result that was supported by FE models,
as long as the volume fraction of ﬁbres was constant. It is therefore
clear that pore size has a great inﬂuence on electrospun mesh
mechanical properties, and more studies are needed to assess the
impact of electrospinning variables on pore size, and the impact of pore
size on mesh mechanical properties. The sub-micron ﬁbrous meshes
showed similar mechanical properties despite changes in mesh mor-
phology, suggesting electrospinning is a robust process suitable for
commercialisation.
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